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With template synthesis nanowires with diameters as small as 5nm can be fabricated using electrochemical 
plating in nanopores. In this work contacts are fabricated enabling electrical measurements on one nanowire. A 
combination of chemicM methods and e-beam lithography is used. The successful contacling is demonstraled for 
the case of Ni wires. 

1. I N T R O D U C T I O N  

' fe lnplate  synthesis is a chemical method alter- 
nat ive to conventional l i thography which enables 
the fabrication of ultra-narrow nanowires with di- 
a m e l e r s  d o w n  to  < 5 n n l  [1]. U s i n g  e l e c t r o n - b e a m  

(e-beam) l i thography in combination with lift-off, 
which is the conventional method for the fabri- 
caliou of nanostructures,  metallic wires with di- 
ameters in the range of ~ 10 . . . 50  nm can be ob- 
tailn'd [2]. This approach is possible for materials  
which can be deposited by evaporation or sput- 
tering. It has not yet. been explored in case of 
conducting polymers. However, nanowires of this 
material  have already successfully been realized 
with template  synthesis [3]. Template  synthesis 
starts off with a template  that  contains an array 
of (nearly) monodisperse nanopores. These pores 
are tilled in solution by electrochemical plating 
which results in an array of nanowires. Other al- 
t(,rnatives to (tefine t)olymeric nanowires are to lo- 
cally induce polymerizat ion by e-beam [4] or (al- 
though only ff)r somewhat larger wires) to struc- 
luro lhe wire from a polymeric fihn by a sub- 
l raci ive melhod.  With regard to the latter, how- 
cv(,r, conducting polymers are known to be very 
scnsiliw, to euvironluental  conditions, e.g. hu- 
nddiU, and arc subject to a relative rapid ag- 
ing it" left. unprotected in air. Hence, any etch- 
ing process following polymerization and dop- 
il~g should be avoided. Furthermore, it is de- 
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sirable to have the conducting polymer encapsu- 
lated for environmental  protection. This is guar- 
anteed in case of template  synthesis where the 
formed wires are embedded in tile template.  The 
most commonly used templates  are porous alu- 
mina inembranes [5] and commercially available 
screen filters (e.g. from Nuclepore and Poret- 
ics) which are thin polycarbonate foils conlain- 
ing pores obtained from etching nuclear dam- 
age tracks [6].  Typical templates have a high 
density of pores, ~ 10 ~ -  10 lclcm -'2. This al- 
lows the fabrication of large assemblies of nearly 
identical nanowires, ideal for measuring mag- 
netic [7] and optical [8] properties. In contrasl, 
to these measurements,  where the limited mea 
suring sensitivity demands a large assembly, elec- 
tric nmasurements would best be done on one sin- 
gle nanowire. With regard to electric properties, 
template-synthesis has prowm t.o be a powerfid 
method: high aspect-ratio nanowires consisling 
of periodically stacked magnetic multitayers hav¢' 
been investigated [9]. Cai and Martin [3], on 
the other hand, have reported a spectacular size 
dependence for t.elnplate-synthesized coiMucting 
polymers. In either case, a reliable method thai  
allows to electrically address one singl(' nam>wit'<'s 
is lacking. 

In this paper an electric contacting schottn, is 
outlined and its success is demonstrah~d t\)r Ni 
wires grown in polycarbonate t.emplalcs wilh a 
Ilomilla[ port" diameter tl N = 80nlll. lUOln},l'atle 
thickness t = 6 t t m ,  and mean pore Ionglh of 
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6.5#m. The mean pore length is > t because 
of an angular spread of the pore axis of 4-30 ° . 

2. F A B R I C A T I O N  

Due to the high density of pores, which on aver- 
age are a distance of 300 nm apart,  contacting one 
nanopore asks for high resolution lithography. As 
mentioned before, conducting polymers are sensi- 
tive to environmental  conditions and should cer- 
tainly not be exposed to developer. With  this 
in mind, our process has been designed so that  
the final nanowire is grown in the last step sub- 
sequent to all l i thographic processes. With refer- 
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Figure 1. Schematic (not to scale) showing a com- 
pletely structured device before the dissolution of 
the Ni in the pore selected by the contact hole. 

ence to the schematic in Fig. 1, the process is out- 
lined in the following. A gold layer, thick enough 
to close the pores, is deposited on one side of 
the membrane (typically a piece 1 cm in diam- 
eter). This layer serves as the bot tom electrode 
for all electrodeposition steps as well as for elec- 
tric measurements.  Then, Ni is electrochemically 
deposited into all pores. The growth is stopped 
at the instant when spherical Ni caps start  to nu- 
cleate on top of the membrane [10]. This ini- 
tim filling protects the pores from all lithographic 
processes that  follow. To make spin coating pos- 
sible, the membrane is permanently fixed onto a 

rigid substrate with the An layer facing the sub- 
strate. Then a resist layer is spin-coated on top 
of the membrane.  A positive Novolak-based pho- 
toresist was selected instead of PMMA, because 
of its higher chemical resistance. Using e-beam 
lithography, a contact hole (~  500 nm in diame- 
ter) is opened in the resist, selecting one or a few 
pores. Similarly to the above mentioned protec- 
tion of the pores, electrochemically plated Ni is 
also used to fill the contact hole for protection 
(not shown in Fig. 1). To complete the process a 
top electric contact pad has to be defined. This is 
done as follows: a honlogeneous Au layer of thick- 
ness 100nm is evaporated over the whole sam- 
ple. Then, a second positive resist. (PMMA-MA 
copolymer) is spin-coated and structured with e- 
beam. The structure consists of a) an opening of 
size ~ 10 #m centered above the previously made 
contact hole, and b) open lines separating the 
central area (several 100tim) from the rest. The 
parts of the Au layer which are exposed through 
the openings of the structured PMMA-MA mask 
are now removed by chemical wet-etching using 
KI. Finally, the PMMA-MA resist, is stripped off 
completing the structure. 

A very impor tant  aspect of the outlined process 
is the protection of the pores which is maintained 
during all processing! Due to the permanent  pro- 
tection, the devices may be stored at. this stage 
for weeks until a final nanowire, a conducting 
polymeric nanowire, for eXalnple, is required for 
measurements.  Then, the Ni protection is elec- 
trochemically removed through the contact hole 
using sulphuric acid. Next, the opened pores are 
refilled with the desired material .  This time, how- 
ever, the electrochemical growth is continued un- 
til the pore and the contact hole are filled as well 
as the gap between the contact hole and the Au 
pad, see Fig. 2. An itnportant aspect, for the reli- 
able filling of the pores in our scheme is the fact 
that  the opened pores are automatical ly wetted 
by an aqueous solution due to the preceeding dis- 
solution of the Ni (wet etching), which proceds 
from the top contact down to the bot tom of the 
pore. This is very advantageous, since electro- 
chemical plating into dried pores can be quite un- 
reliable due to wetting problems. Fig. 2 serves to 
illustrate the step, in which the final electrically 
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Figure 2. (a) shows one selected pore with dis- 
solwed Ni protection on the left and on the right 
refilled with the desired material  forming electric 
contact to the top Au layer. The SEM images are 
lop views of one and the same device obtained af- 
ler dissolution of the Ni (b,c) and after (partial) 
relilling (d). 

contacted nanowire is formed. The left part of 
a) shows one pore after dissolution of the Ni used 
for protection before. In the right part,  the previ- 
ously opened pore has now electrochemically been 
refilled with the material  of interest. The filling is 
stopped once the material  has established contact 
at the gold pad. The three SEM snapshots, b)- 
d), have been taken for one and the same device: 
b) anti c) after the dissolution of the Ni protec- 
tion, and d) after refilling the pore (in this case 
using also Ni). The  two figures b) and c) nicely il- 
lust.rate the hierarchy of three levels of holes: the 
nanopore of the template  can be seen in c) within 
the contact hole of size ,500 nm. This  contact hole 
is seen in b) to be located within a larger opening 
in the Au layer of ~ 10Ftm. The ragged border 
of this hole is due t.o unavoidable underetching 
in the Au-etch step. Fig. 2d) demonstrates  that  
the same pore can sucessfully be refilled in the fi- 
nal process. The bright 'b lob '  centered above the 
contact hole is freshly plated Ni that  has filled 

the pore and grew out of the contact hole. For 
visualization purposes, the plating was stopped 
before the Ni could make contact, with the An 
surrounding. 

3. E L E C T R I C  M E A S U R E M E N T S  

It is our goal to measure the intrinsic electric rl,- 
sistance of nanowires formed by template  synthe- 
sis. For this to be possible, we need t.o know the 
number of wires which are contacted. Sine," the 
nanopores are randomly distributed on the sur- 
face of the polycarbonate membrane,  the number 
of pores being selected by the arbitrarily placed 
contact hole in the photoresist changes for ev- 
ery device (from zero to a few wires). In order 
evalute this number,  a statistical analysis of the 
measured conductance G is used. This is demon- 
strated in the following. In Fig. 3a lhe condllc- 
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Figure 3. Left.: Conductance values of 30 de- 
vices with Ni wires represented in acending or- 
der. Right: Histogram for the difference in con- 
ductance of different devices. 

Lances G, measured at. T = 300K, for 30 iden- 
tically prepared devices consisting of pores filled 
with Ni are shown. Each solid dot corresponds to 
one device. The horizontal axis, the device nun> 
ber, has been sorted such that  the (;-values ap- 
pear in ascending order. If all pores were exactly 
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identical, sharp steps wound appear. But there is 
a clear accumulation seen, in particular around 
G-values of 0.042, 0.084, and 0.168 ~-1 (arrows). 
Since there are no conducting devices found with 
G <__ 0.03 S, the smallest conductance of ~ 0.042 S 
has to correspond to one single nanowire. This 
'unit '  of conductance can more accurately be de- 
rived from the histogram in Fig. 3b representing 
the difference iu conductance AG for two different 
devices taking all possible cominations. This his- 
togram shows pronounced equidistantly spaced 
peaks, the distance of which is a measure of the 
mean conductance for one single nanowire. For 
the mean resistance R = I / G  a value of R = 23 Q 
is deduced. Using the measured resistivity of 
p = 7.7#9~cm for electrodeposited Ni fihns, the 
average inner pore diameter of 16Ohm [10], and 
the mean pore length of 6.5/tin, a single Ni wire 
should have an average resistance of 25 f~ in excel- 
lent agreement with the present experiment. This 
result also proves that contact, resistances can be 
neglected. 

Finally, Fig. 4 shows a first magnetoresistance 
measurement, demonstrating that the nanowires 
-- contacted according to the description given 
above can be nsed for electric transport exper- 
iments at low temperatures. 
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Figure 4. Magnetoresistance of 4 simultaneously 
contacted Ni nanowires in parallel measured at 
7' = 2.2 with the magnetic field B directed _1_ to 
the Ni nanowire. 

4. C O N C L U S I O N  

Conducting nanowires are electrochemically 
fabricated in templates consisting of a large and 
dense array' ofnanopores. Electric contacts to one 
or a few nanowires have successfully been inade 
using a newly developed multilevel process. First 
electric measurements on a set of Ni nanowires 
demonstrate that the conductance of one single 
uanowire can be determined if a statistical anal- 
ysis is applied. After this analysis, the devices 
with only one contacted Ni wire may further be 
used, for example, for conducting polymer wires. 
This will be worked on in the future. 
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